The optimal placement of sensors for burst/leak detection in water distribution systems is usually formulated as an optimisation problem. In this study three different risk-based functions are used to drive optimal location of a given number of sensors in a water distribution network. A simple function based on likelihood of leak non-detection is compared with two other risk-based functions, where impact and exposure are combined with the leak detection likelihood. The impact is considered proportional to the demand water volume while the exposure is related to the importance of the connections and it is evaluated in social, economic or safety terms. The methods are applied to a district metered area of the Harrogate network by means of a modified EPANET model, to take into account the pressure-driven functioning conditions of the system. The results show that the exposure can lead to a different sensor location ranking with respect to other criteria used and hence the proposed methodology can represent a useful tool for water system managers to distribute the sensors in the network, complying with hydraulic, social and economical requirements.
More specifically, the sensitivity of a certain location (node) in the pipe network to a leak/burst event is quantified by evaluating the change in pressure at that location from the baseline profile (when there are no bursts/leaks in the network). The likelihood of a burst/leak detection is then estimated by using the instantaneous chi-squared function which maps the aforementioned change in pressure into a 0/1 detection outcome (0 ¼ no detection and 1 ¼ detection).
The potential drawback of the Farley et al. () approach is that it treats all bursts/leaks in the network equally, i.e. without considering the potential impact they may have on customers. In real-life conditions, a water company may decide to investigate a potential pipe burst/leak event even if the estimated likelihood of this event is not that high, but if that pipe may have a major impact on nearby customers (e.g. cause local road or property damage) and especially if the customers in question are sensitive/critical (e.g. a hospital).
The objective of this paper is to overcome the above deficiency by developing and presenting a new methodology for sensor location in a water distribution network that is based on the risk (i.e. both likelihood and potential impact) of leak non-detection. In the following, the problem of optimal sensor placement is presented and the sensitivity matrices are introduced and related to the risk of non-detection of a leak. The procedure of the optimal sensor location based on risk is then verified by a case study. Using the risk and relating it to the sensitivity of measured variables (e.g. nodal pressures) to potential burst/leak locations is the key novelty of this approach with respect to previous works (Kapelan et al. ; Farley et al. ) .
OPTIMAL SENSOR PLACEMENT
The problem of the optimal placement of sensors for burst detection is formulated and solved here as a ranking problem, where potential sensor locations are ranked by minimising the risk of non-detection of bursts/leaks. The optimisation of the sensor network configuration should ideally be done using some optimisation method. However, past work in the field has shown that differences in optimal sensor locations obtained by using optimisation and ranking methods is minimal (see e.g. Kapelan et al. ) . Given this, the relative computational inefficiency of the optimisation method (when compared with the ranking one) and the whole range of uncertainties involved in the selection of optimal sensor locations for burst/leak detection (e.g. uncertain location, timing, size and nature/type of the burst/leak, imperfectly calibrated hydraulic model, not ideally known demands in the network, etc.), we decided, as in many other existing sampling design approaches, to use a ranking type methodology here.
Following the conventional risk definition as a function of hazard, impact on elements at risk and vulnerability, in the outlined procedure these quantities are defined for a water distribution system and related to more conventional sensitivity matrices. To evaluate the effects of these components, three different risk of nondetection functions are used in this paper, considering only the hazard, then hazard and impact, and lastly the combination of hazard, impact and vulnerability. All these risk components were estimated using a calibrated hydraulic model of the analysed water distribution system, which was assumed to be available. The calibrated model is assumed to contain up to date estimates of pipe friction factors, nodal demands, background (i.e. not burst type) leaks, statuses and characteristics of valves, pumps and other devices and any other model parameter/input values that may affect its predictions of network pressures and flows. This is the starting point in the sensor placement methodology shown below.
The sensitivity matrices
Assuming the use of pressure sensors only (with straightforward extension to consider flow sensors as well), the sensitivity to a burst/leak is here calculated as a difference in pressures between two different states of the system with and without the burst/leak, i.e. as a pressure drop at a given network node due to a burst/leak simulated at some pipe. Hence, as a first step, given a network of N nodes and L links, the pressure heads P N , and the demands, The second step is to consider a single leak in the system and to evaluate the same quantities as in the previous step.
All bursts/leaks are assumed to be located in the middle of the respective pipes. A new set of leak nodes is added to the hydraulic model to achieve this, effectively dividing all existing pipes into two equal parts. The leakage, Q L , is then modelled with discharge proportional to the pressure
Because Equation (1) 
The SQ The third risk function, R 3 ¼ L N I N V N , is similar to the second one, the main difference being that potentially more vulnerable water users (such as hospitals and schools) are given additional, higher weight (e.g. factor of 3) when estimating the impact relative to other water users (e.g. residential with a factor of 1).
Once the risk function is fixed, potential sensor locations (e.g. network nodes where pressure is monitored) are ranked using the Max-Sum method (Bush & Uber ) . The ranking of the nodes by R 1 , R 2 and R 3 is shown in Figure 9 , where the best five nodes sensing locations are presented (note: the higher the ranking, the larger the marker size). While the rankings based on R 2 and R 3 are similar The results obtained demonstrate the following:
1. The importance of performing formal sensor network design for the purposes of burst/leak detection, as some network locations are clearly more relevant than others and hence these need to be chosen carefully.
2. A risk-based approach that considers both likelihood and impact of non-detection has the advantage over the likelihood only based (i.e. more conventional) approach as it gives more importance to observing network locations where more water could be potentially lost (i.e. where on optimal sensor locations is something that is also worthy of future exploration.
